Abstract. This paper proposes a practical engineering method about calculating the natural frequency and modes of high aspect ratio wing. The process of discretizing and parameterizing the three-dimensional model of high aspect ratio wing is described in two steps. The first step is to simplify the model according to the thin-walled mechanics and engineering beam theory. Then the stiffness matrix and mass matrix is established by calculating the distribution of the wing's stiffness and mass. After putting the matrixes into the calculating program based on method of matrix iteration, the natural frequencies and modes of the wing are given out. Comparison of the results with the FEM and the experiment data is made and it is revealed that the deviation is acceptable, which proves this method's feasibility.
Introduction
Recently, HALE (high altitude long endurance) UAV has been widely applied in both military and civil fields. The wing of this UAV often has large aspect ratio, high flexibility and light weight, which leads to low natural frequency. So it is of great significance to study the natural dynamic behaviors of the high aspect ratio wing [1] .
At present, the analysis on natural frequency and dynamic response are mostly based on finite element method. Although the result of software's calculation is accurate, the wing structure needs to be changed many times before final design, and it's really time-consuming to calculate all those wings by finite element software [2] . This paper describes a practical engineering way of calculating the natural frequencies and modes of high aspect ratio wing based on method of matrix iteration. And the efficiency of wing structure design can be highly increased for we translate the 3D model into parameters instead of FEM analysis.
Analysis Model
The model in this paper is a high aspect ratio wing of a solar-powered UAV [3] with half-wingspan of 55m and aspect ratio of 25. The 3D model of the wing structure is illustrated in Figure 1 . The wing structure has a square-section main spar. The composite material parameters of this wing is illustrated in Table 1 . 
Theoretical Analysis

Equation of Motion for Undamping Freedom System
For the free vibration of undamped system of several degrees of freedom, the equations of motion expressed in matrix form become
where [4] 11 1 1 = = mass matrix (a square matrix)
Natural Frequency and Mode Shapes
For the positive definitive system, the solution of Eq. 1 can be written in this form
where [ ]
Substituting into Eq. 2, we have
Eq. 4 is the characteristic equation of the system. Let 
Method of Matrix Iteration
If the stiffness matrix of the system is non-singular, let
, which called dynamic matrix, then Eq. 5 can be written as [5] 1
Each vector X 1 can be expressed by the sum of normal modes A i as
Multiply Eq. 7 with dynamic matrix D, we have
By repeating the procedure a few more times the Eq. 8 will converge to
, the effect of the second term reduces as we keep iterating, and finally we have
where 1 1 = ω λ is the frequency of the first mode and X k or X k+1 is the mode shape of the first mode.
When the equations of motion are formulated in terms of the flexibility influence coefficients, the iteration procedure converges to the lowest mode present in the assumed deflection. It is evident that if we eliminate the lowest mode, the iteration technique will converge to the next lowest mode, or the second mode. If the former several modes has been obtained, we can build the sweep matrix as ( ) ( )
Using D l to do the iteration procedures we can get A l +1 and 1 l ω + .
Procedure of Calculating
The procedure of calculating the natural mode can be described in Figure 2 . The calculation program is written by Matlab, the input data are parameters of discretized wing parts such as mass, length, moment of inertia, bending stiffness etc. And the equivalent stiffness should be considered if the wing structure is made by composite material. The stiffness distribution of the wing in this paper is illustrated in Figure 3 .
After the discretized data were input in the pre-processing program, we get the mass matrix and flexibility matrix. The program bases on flexibility method. The matrices are illustrated in Table 2 . The last step is inputting the mass matrix and flexibility matrix into the processing program and finally the natural modes can be obtained. One thing should be considered is that a flexibility matrix can only represent one dimension's flexibility, so we have to establish several flexibility matrices to calculate natural modes of each dimension.
Results Analysis
The shapes of modes calculated by FEM are illustrated in Figure 4 , Figure 5 and Figure 6 . It can be seen that the numerical simulation results are similar to those of the FEM results, and the nodal position of the two results are compared in Table 3 . The natural frequency results are compared in It can be seen from the table that the numerical simulation results of lower order modes are more similar to those of FEM results. The errors of higher modes are about 5%, which also meet the requirements of engineering application.
Conclusion
The paper uses the method of matrix iterations to calculate the natural modes and compare it with FEM results. From the comparison of the results we get following conclusions 1. Numerical simulation results of low order modes are basically same as those of FEM results. The error of higher modes are bigger because of the cumulative errors in the process of iterations. 2. Because the rib is too thin compared to the length of each wing part, the effect of ribs are eliminated during the process of calculating the bending and torsion stiffness. So the numerical results are basically smaller than those from FEM. In follow-up studies we can combine the ribs and spars into a single wing-box structure, but this way is more time-consuming. 3. In the case of calculating the frequency of 2 nd horizontal bending mode, the numerical simulation result is less than FEM ones. This phenomenon may be due to the torsional deformation of the wing during the transverse bending, which will weaken the horizon bending stiffness of the wing. As shown in Figure 9 , the wing structure has a large tosional deformation in 2 nd bending mode. 4. The program has been applied to high aspect ratio wing and beam model with normal section, the applications to other wing types need to be verified. 
